Abstract A combined setup of quartz crystal microbalance and generalized ellipsometry can be used to comprehensively investigate complex functional coatings comprising stimuli-responsive polymer brushes and 3D nanostructures in a dynamic, noninvasive in situ measurement. While the quartz crystal microbalance detects the overall change in areal mass, for instance, during a swelling or adsorption process, the generalized ellipsometry data can be evaluated in terms of a layered model to distinguish between processes occurring within the intercolumnar space or on top of the anisotropic nanocolumns. Silicon films with anisotropic nanocolumnar morphology were prepared by the glancing angle deposition technique and further functionalized by grafting of poly-(acrylic acid) or poly-(NElectronic supplementary material The online version of this article (doi:10.1007/s00216-014-8154-4) contains supplementary material, which is available to authorized users. isopropylacrylamide) chains. Investigations of the thermoresponsive swelling of the poly-(N-isopropylacrylamide) brush on the Si nanocolumns proved the successful preparation of a stimuli-responsive coating. Furthermore, the potential of these novel coatings in the field of biotechnology was explored by investigation of the adsorption of the model protein bovine serum albumin. Adsorption, retention, and desorption triggered by a change in the pH value is observed using poly-(acrylic acid) functionalized nanostructures, although generalized ellipsometry data revealed that this process occurs only on top of the nanostructures. Poly-(N-isopropylacrylamide) is found to render the nanostructures non-fouling properties.
Introduction
The formation of functional, responsive coatings, which are able to change their properties upon an external stimulus, for instance, temperature, solvent polarity, pH value, light, or electric current, has been of increasing interest in recent years. To this end, polymeric coatings are ideal candidates [1] . Among the various possible architectures (e.g., block-copolymers, networks, or hydrogels), polymer brushes have proven to be highly suitable [2] [3] [4] . Polymer brushes consist of polymer chains tethered by one end to a planar or curved substrate in close proximity to each other such that the chains are forced to stretch away from the surface in a "brush conformation" [5] . These systems are capable of responding to external stimuli, generally by reversible swelling-deswelling behavior. Applying polymer brushes, functional coatings with switchable properties, such as wetting properties [6, 7] , adsorption behavior [8] [9] [10] , ion gating [11] , or electrochemical properties [12] have been fabricated. A comprehensive characterization of the responsive behavior and further functionalization is possible using a combined setup of quartz crystal microbalance with dissipation monitoring (QCM-D) together with spectroscopic ellipsometry [13] [14] [15] .
Another interesting class of coatings are sculptured thin films (STFs), which can be created with variable architectures by glancing angle deposition (GLAD) from a broad variety of different materials [16] [17] [18] [19] [20] . Here, electron-beam evaporation at an oblique angle produces nanostructured morphologies, e.g., slanted or straight columns, helices or chevrons, by an atomic shadowing effect. Additionally, the surface of these structures can be modified to add further functionality [21] [22] [23] . Recently, we reported on the grafting of poly-(acrylic acid) (PAA) Guiselin brushes onto silicon STFs, which exhibit reversible swelling/deswelling characteristics in response to the pH of the surrounding solution [24] .
The combination of responsive polymer brushes with 3D nanostructures constitutes a promising candidate for the engineering of advanced materials for various applications, especially in the field of biotechnology [25, 26] . For instance, the realization of stimulated and controlled uptake and release of biomolecules into and from the free space in between the nanostructures is expected by the use of polymer brushes (Fig. 1) . In order to develop and apply these novel advanced materials, proper characterization methods are needed to analyze the sample in detail, both directly inside the reaction medium and in a noninvasive manner. These requirements are met by the combined setup of generalized ellipsometry (GE) and QCM-D. In contrast to spectroscopic ellipsometry, GE can be applied to investigate complex, anisotropic samples. Combining the optical method ellipsometry with the acoustical technique QCM-D, it is possible to thoroughly characterize the thickness, composition, and optical and mechanical properties of polymer brush coatings on 3D nanostructures in situ. Particularly, the mechanism of adsorption processes can be tracked, and the stimuli-responsive swelling behavior of the polymer brushes can be observed. While ellipsometry allows the characterization of thickness and composition of the layer via appropriate optical model approaches, QCM-D gives information about thickness, solvent molecules coupled to the polymer brush, and changes in viscoelasticity [27] .
With this report, we want to promote the establishment of this combined method as a means to characterize complex hybrid materials made from STFs and stimuliresponsive polymer brushes. Thermoresponsive poly-(Nisopropylacrylamide) (PNIPAAm) brushes were grafted to silicon STFs and the responsive properties were investigated. Secondly, as a demonstration of the performance of these materials in the field of biotechnology, the adsorption of the model protein bovine serum albumin (BSA) on PNIPAAm and PAA brushes on nanostructured films was studied using the combined setup of GE and QCM-D (Fig. 2) .
Experimental

Characterization methods
Generalized ellipsometry Ellipsometry is a non-destructive method to characterize thin films by measuring the change in optical polarization of a beam of light, which is reflected from a surface [28] [29] [30] . For complex samples (for instance, optically anisotropic), generalized ellipsometry is used. To describe the measured change in polarization upon reflection from the sample, the Mueller-Stokes formalism is applied, which can describe polarized, partially polarized, or buffer solution), and an organic constituent (polymer or biomolecule, f Organic ), where the wavelength-dependent refractive index is described by a Cauchy dispersion lineshape:
using A = 1.5 and B = 0.01, under the condition that the extinction coefficient k equals zero. The material of the Si/SiO 2 constituent is described by an isotropic Bruggeman-EMA, consisting of 20 vol% SiO 2 to accommodate for a native oxide layer of approximately 2 to 3 nm, and silicon. Si optical constants were determined by a multisample analysis of bare Si STF using a single Tauc-Lorentz oscillator. Finally, the model comprises a layer above the AB-EMA layer to account for possible organic material on top of the slanted columns, described by a Cauchy dispersion lineshape (A = 1.5, B = 0.01, k = 0).
QCM-D
The measuring principle of the QCM is based on the inverse piezoelectric effect, where the application of alternating voltage to a piezoelectric crystal leads to an oscillatory motion [33] [34] [35] [36] . The resonance frequency of the quartz sensor is sensitive to changes induced by the contact with the ambient and processes occurring on its surface, for instance, adsorption processes, which can be observed in situ with high temporal resolution. Since the QCM is sensitive to both the properties of the thin film and the bulk medium, reference measurements of the bare sensor in the same medium are necessary to separate the two components. QCM-D is a special mode of operation, developed by Rodahl et al. [37] . In this "ring-down" mode, the applied alternating voltage is turned off intermittently, leaving the oscillations to decay. The time of decay is related to the loss of energy (dissipation D n ), for instance, due to contact of the surface of the quartz with a viscous medium or a thin viscoelastic film. QCM-D data were analyzed either using the Sauerbrey equation or the Voigt-Voinova approach. For homogeneous rigid films, showing only small shifts in dissipation ( D n /n − F n /n 4 × 10 −7 Hz −1 , for a sensor with the fundamental resonance frequency F F = 5 MHz), the Sauerbrey equation is valid. Here, the areal mass of the film will include the mass of the adsorbate plus the mass of the solvent inside the adsorbate layer and additional solvent, which is acoustically coupled to the quartz surface, that is, moving with the oscillatory motion of the quartz sensor. If D n is sufficiently large, the QCM-D is sensitive to the viscoelastic properties of the film, described by the complex shear modulus. By a continuum model based on the analysis of shear wave propagation in viscous media, the response of the QCM can be related to the areal mass density of the film, bound to the surface of the sensor under no-slip conditions, and its viscoelastic properties [38] [39] [40] .
Shifts in frequency and dissipation of the odd overtones j = 5, 7, 9, 11 with reference to the measurement with the smallest dissipation value, were analyzed using either a Voigt-Voinova model for one homogeneous viscoelastic layer with a fixed density of 1 g cm −3 or the Sauerbrey relation using the software QTools (Q-Sense, Frölunda, Sweden). As a reference for analyzation of data recorded at varying temperatures, a bare sample was measured with the same temperature changes. The measured temperature-dependent change in frequency and dissipation was subtracted from the raw data of measurements of sensors functionalized with polymer brushes.
Preparation of STF
STFs were fabricated by electron-beam evaporation of Si onto gold-coated quartz crystal microbalance sensors (QSense Inc., Linthicum Heights, MD) for further analysis. Si pellets (Super Conductor Materials, Inc., Tallman, NY) were evaporated at a vapor flux angle of 88 • with respect to the substrate normal, to fabricate slanted columns. The background pressure of the evaporation chamber was in the low 10 −8 mbar range. Samples were deposited at a constant vapor flux of approximately 3.5Å s −1 , which was measured with a deposition controller mounted normal to the flux direction.
Brush preparation on STF
Polymer brushes were prepared similarly to the graftingto method established for flat substrates [41] . Following STF deposition, samples were cleaned with absolute ethanol (Pharmco, USA) and dried with N 2 gas. For cleaning and activation, samples were placed into an oxygen plasma chamber (SPI Plasma Prep II plasma cleaner; Structure Probe, Inc., West Chester, PA, USA) for 1 min at 100 W. A macromolecular anchoring layer was spin-coated onto the samples from a 0.02 wt% solution of poly(glycidyl methacrylate) (PGMA, M n = 17,500 g mol −1 , M w /M n = 1.12; Polymer Source, Inc., Canada) in methyl-ethyl ketone (MEK, Sigma-Aldrich, USA) and annealed in vacuum for 10 min at 110 • C. On this anchoring layer, the polymer brush layer was grafted in the next step. For PAA Guiselin brushes, a 1 wt% solution of PAA (M n = 26,500 g/mol, M w /M n = 1.7; Polymer Source, Inc., Canada), dissolved in absolute ethanol, was spin-coated onto the samples and annealed in vacuum for 30 min at 80 • C. For PNIPAAm brushes, a 1 wt% solution of carboxy-terminated PNIPAAm (M n = 56,000 g mol −1 ; Polymer Source, Inc., Canada), dissolved in chloroform (CHCl3, Sigma-Aldrich, USA), was spin-coated onto the samples and annealed in vacuum for 16 h at 170 • C. Excess polymer was extracted by stirring the samples in absolute ethanol for 30 min at room temperature.
Instrumentation
Generalized ellipsometry rotation scans GE measurements of the samples in dry state were taken before and after every step of polymer brush grafting onto STF using a M-2000V spectroscopic ellipsometer (J.A. Woollam Co., Inc., Lincoln, NE, USA) equipped with a rotation stage to acquire 11 out of the 16 Mueller matrix elements at multiple discrete wavelengths between 400 and 1,700 nm, at four angles of incidence (AOI: with a fixed AOI of 65 • , capable of measuring 11 out of the 16 Mueller matrix elements, was used. The ellipsometrycompatible module is an air-tight liquid flow chamber, into which the sample is inserted for in situ analysis; the module has windows for the probing light beam of an ellipsometry measurement (Fig. 2) . Flow of liquid medium is ensured by means of Tygon polyurethane tubing (U.S. Plastics Corp., Lima, OH), which is connected to a peristaltic flow pump (Ismatec IPC high precision multichannel dispenser, IDEX Health & Science GmbH, Wertheim-Mondfeld, Germany).
For temperature-dependent measurements in between 20 and 38 • C, the ellipsometry-compatible module temperature was controlled by the QCM-D software, and the system temperature was changed step-wise in 30-min intervals. Temperature experiments were performed under static conditions.
BSA adsorption experiments were performed in 0.01 M sodium phosphate (Sigma-Aldrich, USA) buffer solution at 20 • C under flowing conditions (1 ml min −1 ). The sample was first rinsed in pH 5 buffer solution, then a solution of 0.25 mg ml −1 bovine serum albumin (BSA, A6003, defatted; Sigma-Aldrich, USA) in pH 5 buffer was introduced.
Desorption was performed in rinsing steps with pH 5, pH 7.4, and again pH 5 buffer solution.
In addition to experiments with brush-coated STF, a reference in situ characterization of each STF sample was performed in the bare state before the grafting of polymer brushes. For comparison, also one protein adsorption experiment was performed on a bare, uncoated STF sample (see supporting information).
Results and discussion
Polymer brushes were grafted to STF similar to the already established method of grafting polymer brushes to flat surfaces [41] , and as already reported for the preparation of PAA brushes on STFs [24] . GE rotation scans were conducted in dry state after each step of the preparation. Since during these experiments the sample is measured under four different angles of incidence and 30 different in-plane orientations, the obtained data is more sensitive to small variations of the structured surface, such as volume fractions or slanting angle, than the data obtained during the subsequent in situ measurements. Thus, it is possible to characterize the sample comprehensively, as a reference for changes occurring during the in situ experiments.
The best-match model parameters for the GE rotation scans of the PNIPAAm brushes were a brush volume fraction of f Brush ∼ 28 % and a top-layer thickness of d Top ∼ 3 nm after extraction of excess polymer. Using the average size of a single column, as measured from SEM images (r ∼10 nm (Fig. 2, [24] )), and the structural parameters from the best-match GE model, the thickness of the brush layer on the columns can be calculated via the total surface area of the structured sample and the grafted amount of polymer. Thus, a total surface area of 2.5 μm 2 of the nanostructures per 1-μm 2 sample area was estimated. Together with a PNIPAAm amount of 11.5 mg m −2 , this corresponds to a hypothesized homogeneous PNIPAAm layer with a thickness of 4 nm in dry state and a grafting density of 0.05 nm −2 [5] (using the bulk density ρ PNIPAAm = 1.097 g cm −3 [42] ).
Responsive swelling of polymer brushes on STFs
In situ GE and QCM-D measurements were conducted simultaneously, investigating stimuli-induced polymer brush swelling/deswelling on STFs (Fig. 4) . The pHresponsive swelling of PAA brushes grafted onto STFs had been reported in an earlier work [24] . Figure 5 depicts results of the best-match model calculation of GE measurements of PNIPAAm brushes on STFs in DI water for one temperature cycle between 20 and 38 • C, where the error bars represent the 90 % confidence intervals determined by the best-match model calculation. Measurements were conducted at static conditions. Only measurements taken after no further variation of QCM-D data upon reaching the next temperature step was recorded were taken into account. Data of the first in situ measurement at 20 • C were analyzed under variation of all model parameters. Further changes in the optical response upon a change in temperature can be described by changes in f Brush and d Top only. PNIPAAm is a temperature-responsive polymer with a phase transition temperature at T c ∼32 • C in pure water [43] . As the temperature increases the polymer gradually deswells, which is detected by an increase in f Brush and a decrease in d Top . Because the thickness of the top-layer is best-match model calculated using typical values of a dry organic layer for the refractive index, an effective dry thickness is obtained and not the thickness of the polymer layer swollen with solvent. An increase of the thickness upon Fig. 5 Results of the best-match model calculation of GE measurements of temperature induced swelling and deswelling of PNIPAAm brushes on STFs swelling of the polymer chains would result in an according decrease of the refractive index due to dilution of the optical density of the polymer layer. Best-match model calculation of the actual swollen thickness by simultaneous variation of the refractive index was not possible, since the recorded data did not carry enough sensitivity to distinguish between the strongly correlated parameters d Top and n Top . The obtained value of d Top is thus a measure of the amount of dry polymer on top of the nanostructures A Top , which can be calculated by
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if the density of the dry polymer layer ρ Polymer is known. Compared to measurements on planar samples, the phase transition of PNIPAAm brushes on the structured samples is less sharp, probably due to the lower grafting density on the columns [44, 45] . Upon decreasing the temperature again, the reversed behavior can be seen and the polymer chains collapse back into the intercolumnar space.
In Fig. 6 , results of the best-match model calculation of QCM-D data analyzed with a Voigt-Voinova approach for viscoelastic layers are shown. Upon deswelling of the PNIPAAm chains, solvent molecules are expelled from the acoustically coupled layer and the film becomes more rigid resulting in a decrease in areal mass and viscosity. Upon re-cooling of the sample, a slight hysteresis is detected, due to inter-and intra-chain hydrogen bonds [46] [47] [48] . Compared to PNIPAAm brush swelling on planar samples [45] , the phase transition is less pronounced and the signal change is much less, due to the lower grafting density on the nanostructures. Nevertheless, these experiments show that PNIPAAm brushes can be prepared on STFs with temperature-responsive properties, and detailed investigation on the anisotropic sample is feasible using QCM/GE.
Protein adsorption on brushes on STFs
As a proof-of-concept study for future biological or sensor applications, the adsorption of the model protein BSA to polymer brushes prepared on STFs was studied.
When a material comes into contact with biological fluids, for instance, in sensor systems or on implants, the adsorption of proteins is the first step of several cascadic processes. Therefore, the understanding, and even more the control, of this process is regarded as a key factor in the development of biomaterials [49] [50] [51] . The interaction between protein and surface is governed by various forces as hydrophobic or van der Waals interactions. Regarding the adsorption of proteins on charged and hydrophilic surfaces, electrostatic interactions are considered to be of the highest influence on the adsorption process. Albumins are commonly used model proteins due to their importance in the blood plasma and their ready availability due to a relatively easy isolation and purification procedure. They appear in an ellipsoidal shape with a major axis of 14 nm and a minor axis of 4 nm [52] .
Experiments were performed in 0.01-M sodium phosphate buffer solution. The course of experiments was as follows: (I) swelling of the polymer in pH 5 buffer solution, (II) adsorption of BSA (0.25 mg ml −1 in pH 5 buffer), (III) rinse with pH 5 buffer solution, (IV) rinse with pH 7.4 buffer solution, and (V) rinse with pH 5 buffer solution. Combined QCM-D and GE measurements were conducted to monitor the process in situ.
Protein adsorption to PAA brushes on STFs On flat samples, BSA has been shown to adsorb on PAA Guiselin brushes both under electrostatic attractive and moderately repulsive conditions [14] . In this study, adsorption under electrostatic attractive conditions at pH 5 was investigated, since a higher driving force for the proteins to diffuse into the polymer layer inside the intercolumnar space is to be expected. Figure 7 depicts results of best-match model calculations of GE measurements taken during the adsorption process of BSA to PAA brushes on STFs. The changes in GE data can be described by changes in the volume fraction of an organic component f Organic and the top-layer thickness d Top . The parameter for the top layer is calculated using typical values for the description of the refractive index of a dry organic material, thus ignoring the swelling of the polymer and the protein. Changes in d Top are a measure of a change in the amount of organic material on top of the nanostructures. Upon introduction of BSA to the measurement cell (II), a fast and pronounced increase of d Top from 5 to 22 nm is suggested by the best-match model calculations, while f Organic first increases slightly from 33 to 36 % followed by a slow decrease. Almost all proteins are adsorbed in the polymer layer on top of the STF, with only a small percentage of adsorption to the polymer inside the intercolumnar space. A reason could be a sterical hindrance presented by the swollen polymer layer blocking the space in between the columns (distance between individual columns ∼20 nm (Fig. 2, [24] )). Additionally, the STFs used for these specific experiments exhibited a high slanting angle of ∼75-80 • , which had increased by ∼15 • from the initial ∼60-65 • during in situ experiments of the bare STF sample, performed before grafting of the polymer layer. STFs with lower initial slanting angle and larger intercolumnar space are expected to show a higher uptake of proteins into the intercolumnar space.
Upon changing of the solution to pH 5 buffer solution without protein again (III), almost no change in f Organic and d Top is detected, proving the high retention capabilities of the PAA-STF-system. By changing the pH of the buffer solution to pH 7.4 (IV), an abrupt decrease both in f Organic and d Top can be seen. In this step, the pH value is increased above the isoelectric point (IEP) of the protein (pH(IEP BSA )=5.6 [53] ), resulting in an overall negative charge. At the same time, more carboxylic groups along the PAA chains get deprotonated, causing a high electrostatic repulsion and thereby releasing the protein from the polymer brush. Due to the higher swelling degree of the PAA chains, d Top is larger and f Organic smaller compared to the original value at pH 5 before BSA adsorption. A final rinse with pH 5 buffer solution (V) causes PAA to deswell again, which is detected as an increase in f Organic and a decrease in d Top . Since the original values are not restored, a small amount of remaining BSA molecules is suggested to remain in the polymer coating. This had been also observed in experiments on flat surfaces [14] .
The corresponding change in areal mass, derived from QCM-D data, is shown in Fig. 8 . Since the change in dissipation is small compared to the change in frequency, a Sauerbrey approach can be used to describe the detected frequency change. With the introduction of BSA (II), a fast increase in areal mass up to ∼38 mg/m 2 is observed, decreasing only slightly during the rinsing with pure pH 5 buffer solution (III). Upon rinsing with pH 7.4 buffer solution (IV), at first an increase in areal mass is detected, due to the deprotonation and swelling of PAA chains. This is rapidly followed by a fast decrease in areal mass, caused by desorption of BSA molecules under now strongly repulsive electrostatic conditions. At this point of the experiment, the Sauerbrey approach has to be regarded with caution, since the change in frequency and therefore also the change in areal mass, becomes overtone-dependent, due to the more viscoelastic properties of the film. After rinsing with pH 5 buffer solution (V), the frequency becomes overtone-independent again, and the areal mass decreases to ∼4 mg/m 2 . A small amount of BSA remains in the polymer brush and cannot be washed off by raising the pH. Compared to experiments with BSA adsorption on planar samples, about the same adsorbed amount of BSA at pH 5 is observed on the STF [14] . This strongly supports the findings of the analysis of GE data that adsorption of protein only takes place in the top-layer above the STF and not in the intercolumnar space. Due to this similarity with experiments on planar samples, no further quantitative studies were pursued.
Protein adsorption to PNIPAAm on STFs
PNIPAAm brushes on planar samples had been found to be resistant to protein adsorption [54] . Therefore, the aim was to create non-fouling structured coatings by grafting PNIPAAm chains to Si-STFs. Figure 9 depicts the results of the bestmatch model calculations of GE measurements taken during the adsorption process of BSA to PNIPAAm brushes on STFs. As proposed, the change in GE data upon BSA adsorption is much less than compared to the adsorption to PAA brushes on STFs. Upon introduction of BSA (II), d Top increases only by 2.5 nm, whereas the change in f Organic of ∼3 % is about the same as observed with PAA brushes on STFs. This indicates that while the uptake of BSA into the intercolumnar space is about the same as for PAA, only a very small amount of BSA is adsorbing in the top layer. As the pH value of the buffer solution is increased to pH 7.4 (IV), BSA is expected to desorb from the surface, because of the increased electrical repulsion between the now overall negatively charged proteins. Interestingly, the results of the best-match model calculations suggests that while d Top stays almost constant, only f Organic decreases by ∼6 %. This would imply that while BSA is desorbing from the polymer coating, at the same time, re-arrangement In QCM-D measurements, the detected change both in frequency and dissipation is small; therefore, the Sauerbrey approach was used to determine the change in areal mass (Fig. 10) . During the rinsing with a solution of BSA in pH 5 buffer (II), only ∼2.3 mg/m 2 of BSA is adsorbed to the sample. This value is even lower than observed during the adsorption of BSA to bare Si-STFs out of a more diluted solution of 0.01 mg ml −1 BSA in pH 5 buffer (see supporting information). Upon rinsing with a solution of higher pH (IV), the areal mass initially increases, probably caused by the incorporation of counter ions to the more negatively charged proteins. Thereafter, proteins desorb and the areal mass decreases to ∼1.5 mg/m 2 . The second decrease in areal mass, upon rinsing with pH 5 buffer solution (V), can be explained by the loss of counter ions of proteins that remain on the sample surface. Overall, QCM-D and GE results are in agreement, and both investigation techniques suggest that almost no protein adsorption takes place on PNIPAAm brushes grafted to Si-STFs.
Thus, PAA and PNIPAAm brushes can be used to control the adsorption of proteins on nanostructures. This is of crucial importance for applications, for instance, in biosensor systems, where unspecific adsorption has to be avoided.
Summary
Novel functional coatings were created by preparation of stimuli-responsive PAA and PNIPAAm brushes on Si-STFs with nanocolumnar morphology. The combined method of QCM-D and GE was found to be a suitable characterization tool for noninvasive, dynamic in situ investigations of the swelling characteristics of the polymer brushes, as well as the process of protein adsorption to these complex coatings. While QCM-D detects overall change of areal mass and viscoelasticity on the surface, interpretation of GE data with a layered model can be used to distinguish between processes occurring within the intercolumnar space or on top of the anisotropic columnar layer. Changes in the areal mass, viscoelasticity and the optical response with varying temperature proved the grafting of PNIPAAm chains to the STFs in a temperature-responsive manner. For future biological and sensor applications, the adsorption of the model protein BSA to PAA and PNIPAAm brushes was investigated. The QCM-D/GE study of the adsorption process found that BSA adsorbs to PAA brushes on STFs under attractive electrostatic conditions. However, the analysis of the GE data suggests that only adsorption in the top layer above the STF and the change in areal mass detected by QCM-D is similar to experiments with PAA on flat samples. Nevertheless, pH-responsive uptake, retention, and release of the model protein were achieved. Both QCM-D and GE data demonstrate that PNIPAAm brushes can be used to render Si-STFs non-fouling properties.
In future studies, QCM-D/GE investigations will be used to assist in the optimization of the developed hybrid nanostructured coatings, by variation of the architecture of the sculptured thin films or the combined grafting of several types of stimuli-responsive polymers. Thus, stimuli-responsive immobilization and manipulation of biomolecules could be achieved. Since the applied graftingto technique can be employed to graft various types of functionalized polymers, the coating of the nanostructures can be tailored to the respective application.
